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SUMMARY
This thesis describes a study ca rried  out into the design 
and ch arac te ris tic s  of a m iniature regulator to control a high p ressu re  gas 
supply fo r a servo system .
Typical application and operating requirem ents fo r such a system  
are  outlined and the suitability of helium and nitrogen as the gas source 
d iscu ssed . The design of a m iniature balanced poppet regulator is presented 
and a com puter model of the gas flow, using ideal gas relationships is 
proposed.
The construction of an experim ental facility , associated instrum ent­
ation and com puter con tro lle r data acquisition system  is described . 
Experim ental resu lts  using Nitrogen gas a re  presented fo r storage p re ssu re s  
up to 25 MPa and m ass flow ra tes  of 5 g /s  to 20 g /s  and show the ability 
of the regulator to control the delivered p ressu re  to within 10% of that 
req u ired .
Based on the theoretical analysis and experim ental re su lts , 
recom m endations fo r fu rth er work a re  made to reduce leakage and 
improve regulation.
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CHAPTER 1 - INTRODUCTION
High perform ance gas-pow ered control system s a re  being 
extensively developed fo r both industrial and aerospace applications.
They can provide sim ple, m oderately priced , reliab le units which can 
be employed for a variety  of operations particu larly  in the severe 
environment unsuited to hydraulic sy stem s.
The growth of pneumatic control in the aerospace field is described 
by Sung and Taplin (1) who define the scope of these system s and outline 
th e ir  inherent ch a ra c te r is tic s . The authors em phasize that the rea l growth 
of aerospace gas controlled system s m ust s ta r t  from  those a reas  w here the 
pneumatic control system  w ill provide a unique and p ractica l solution that 
cannot be equalled by any of the existing control system s, especially  
hydrau lic . This view is endorsed by Schmidlin (2) who sta tes that control 
specifications should be expressed in te rm s of the basic needs of the system  
ra th e r  than in anticipation of a particu la r solution -  usually hydraulic.
Eynon (3) suggests a power lim it of 3 .7  kW fo r a gas servom echanism  
and Burrows (4) adds that they a re  likely to be particu larly  useful in system s 
w here response requirem ents a re  not too severe and when the inertia  load 
is not subject to varying external fo rc e s . Some typical applications of 
com pressed  gases a re  listed  by Anderson (5) who sta tes  that the high power-* 
to-m ass ra tio  of these system s provides an a ttractive solution to the 
demanding requirem ents of a irborne sy stem s. Minimum m ass and volume 
a re  alm ost over-rid ing  requirem ents fo r a irborne se rv o s . Good shelf life, 
low cost and reliab ility  a re  obvious requirem ents and a facility to te s t is an 
advantage although it can be argued that if reliability  is excellent then a 
requ irem ent to test should be superfluous.
The gas supply to such a servo is generally  regulated and may be 
in the form  of ram  a i r ,  com pressed inert gas, gas generated from  a 
condensed phase o r hot gas generated from  solid o r  liquid p ropellan ts .
The m ajor advantage of hot gas lies in its potent source of energy 
resu lting  in sm all s ize , and hence m ass, of the fuel con tainer. Solid 
propellants with controlled burning ch arac te ris tics  , such as the "plateau” 
b u rn e rs , have been developed w here burning ra te  is relatively  independent 
of gas p re ssu re  over a certa in  range of p re s s u re s . One implication of . 
this constant burning ra te  is that even if gas is not required it is s till 
produced and m ust be dumped through a re lie f valve. Probably the m ost 
c r itic a l problem s are  unreliable ignition and d irtiness of the propellant 
gases and much work has been done in these a reas  (6). It can be concluded 
(7) that the deform ation of seals and the accumulation of soot deposits do 
not favour particu larly  long actuation tim es nor sm all gas ports in hot gas 
se rv o s .
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Gas generation from  condensed phases, such as evaporation of 
am m onia o r w ater, conversion of liquid hydrogen into gaseous hydrogen 
by applying heat, o r  sublimation of solid m ateria ls has not been fully 
exploited. T herefore, without intensive development, w idespread use 
of such gas generators in sm all actuation system s is not p rac tica l.
A ram  a i r  system  can offer slight m ass and size advantages fo r 
long flight tim es since the size of the complete servo does not increase 
w ith duration (except fo r the e lec trica l supply) as does that of o ther gas 
system s which require la rg e r gas so u rces . However, the relatively  low 
operating p ressu re  means that, fo r a given servo  actuator torque, the 
ac tu a to r w ill be la rg e r  than o ther gas system s and its dynamic perform ance 
w ill vary  with a irspeed  and altitude.
Hybrid system s employing m ore than one type of power source 
o r  medium have been used but a re  relatively  large and more suited to 
high power and long actuation tim e se rv o s .
Gas stored at high p ressu re  can provide a clean self-contained 
energy source which is becoming increasingly a ttractive for low power 
system s. The clean gas means that long operating tim es o r sm all valves 
would not be an em barrassm en t from  the point of view of blockages. Also, 
the gas system  is not lim ited to fixed p re ssu re s  as is  the case for m ost 
solid propellant sources which operate in a plateau p ressu re  region.
However, these advantages a re  often secondary to the overriding requirem ents 
of minimum weight and volume which favour the hot gas system . T herefo re , 
in o rder to enable a stored gas system  to be competitive it is essen tia l to 
optim ise the design so that the required perform ance is achieved with minimum 
weight and volume.
The A m erican Company of Chandler Evans Inc. has manufactured 
a num ber of sm all, aerospace pneumatic control system s and Poole (8) 
d escrib es one of these in some d eta il. He repo rts  that a fte r in itial 
theoretica l studies, the design and perform ance predictions w ere based 
en tire ly  on experim ental re su lts . It is implied that although this method 
produced a successful system , a m ore rigorous theoretical treatm ent 
supported by experim ent would be desirab le fo r subsequent design stud ies .
Two principal applications in aerospace fo r stored gas se rv o - 
actuato rs a re  th rust vector control and aerodynamic surface con tro l. In 
these system s, the gas p ressu re  is regulated before passing to a valve 
which d irects  the gas to the final control elem ent o r  ac tuato r.
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Many of the operating principles associated with cold gas valves 
and actuators a re  common to hot gas system s and, therefore, have been 
the subject of detailed investigations (6). However, cold gas system s a re  
not confounded by the problem s inherent with hot gas so that, fo r  example, 
low friction actuators a re  feasib le . This, in turn, could lead to a viable 
c losed -cen tre  valve system  which consumed gas only when needed, thereby 
reducing gas storage requ irem ents.
The com pressed gas container usually contributes a significant 
amount to the to tal system  m ass . A typical value quoted fo r the m ass 
of a cylindrical p re ssu re  vessel used in pneumatic system s is 3 .5  kg/kg 
of Nitrogen (7), and contributes about 40% to total system  m ass . T herefore , 
reducing the total m ass of gas used to a minimum by employing a sm all 
efficient regulator is essen tia l to such a system .
Although gas p ressu re  regulators a re  widely used, theoretical 
trea tm en t has been confined m ostly to low p ressu re  and industrial 
regu lators w here size and flow problem s a re  not c r itic a l.
Iberall (9) p resen ts a graphical-approach to the design of single 
stage and two stage com m ercial reg u la to rs . He states that there a re  
many design problems and it is desirable to leave these to detailed study 
fo r a p a rticu la r application.
- T sa i and Cassidy (10) examine the dynamic behaviour of a sim ple 
spring-loaded p ressu re  reducer. Using em pirica l flow force data, the 
dynamic behaviour of the reducer was found to be non-linear but a se t of 
approxim ate linear equations was used to evaluate the qualitative effects 
of the various design and operating param eters on the stability of the 
sy stem .
Again, Redpath and Tatnall (11) use experim ental data to obtain 
a dynamic model of a regu lator and a reasonable sim ulation is obtained. 
However, these examples indicate that a com prehensive theoretical 
exposition is extrem ely difficult and that a regu lator designed fo r a 
p a rtic u la r  application often requires a p articu la r approach to facilitate 
an aly sis .
The main objective of the p resen t research  was to design a sim ple 
m iniature h igh -p ressu re  gas regulator to control the flow from  a sm all 
s to red  gas v esse l. However, there a re  many in te r-re la ted  problem s in 
designing an efficient cold gas servom echanism  , not least the selection 
of the gas to be used and its storage p re ssu re . Consequently a b rie f study 
was to be made into the sizing of gas bottles related  to the storage p re ssu re s  
and the effects of using different g a se s .
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A previous program m e of work (12) investigated the heat tra n sfe r  
effects and thermodynamic rea l gas property variations during discharge 
from  a p ressu re  v esse l. The presen t aim  is seen as a natural extension 
of this w ork with the eventual goal of investigating the ch arac te ris tics  of 
a com plete gas servom echanism .
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CHAPTER 2 -  STORED GAS SERVO SYSTEMS
2.1 GENERAL DESCRIPTION
Basically, a s to red  gas servo system  com prises a p ressu re  
regulated gas source, flow valves and ac tu a to rs . Inert gases a re  
p re fe rred  fo r safety reasons and the supply p ressu re  is controlled 
to prevent large variations in actuator perform ance as the gas 
sto rage p ressu re  fa lls .
Valve system s, which d irec t the gas to the actuator, tend to 
favour solenoid operated poppet o r  ball valves giving predictable 
c h a rac te ris tic s  and low leakage. Both three-w ay and four-way operation 
a re  common - Figure 1, the la tte r  often achieved by combining two th re e -  
w ay valves. Three-w ay system s have the advantage of sim plicity w hereas 
four-w ay system s give be tte r perform ance due to the balanced nature of 
th e ir  operation. The mode of operation of the valves is one of the m ost 
im portant factors in determ ining the overall response. A linear system  
would offer the minimum gas consumption and hence lightest system  
although a non linear system  could produce a fa s te r  response. However, 
the to lerances and finishes required for linear valves resu lt in expensive 
system s and the tendency is to achieve proportional operation by using 
pulse-width-m odulation of switching valves.
L inear actuators a re  used alm ost exclusively since ro ta ry  
actuators have poor seals  resulting in high gas leakage. Figure 2 
shows , schem atically, a typical servo system  to provide a ro ta ry  
output using a 'push-push ' ac tuato r. Closed centre operation (no gas 
flow when there  is no demand) can be achieved by switching off both 
valves together although its usefulness, apart from  a preprogram m ed 
quiescent phase, is often m inimal because of system  noise and leakage. 
Open cen tre  operation (continuous gas flow) is m ore common despite the 
additional gas required , and alleviates problem s caused by dead band and 
switching logic.
F o r single shot operation, the g a s  supply can be initiated using a 
pyrotechnic device to drive a plunger into a b u rs te r  disc o r break the 
frangible stem  sealing the storage vessel: a s tra in e r  being used to catch 
any d eb ris . The level at which the p ressu re  is regulated depends in the 
f ir s t  instance upon the required servo size and perform ance. The 
ch a rac te ris tic s  of the load which affect this can be briefly examined by 
using as an illustration , an equal a rea  double acting piston arrangem ent 
shown diagram m atically in Figure 3 .
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For a small displacement 0 , the displaced volume is given by:
V = A L 0 . . .  (2.1) 
and the specific volume by:
V = A L  . . .  (2.2)e
T herefore , the torque which the actuator can supply is given by:
G = (P. - P J A L  = A P V . . .  (2.3)J. A 0
and its maximum value fo r a specific supply p ressu re  Ps is known as the 
s ta ll torque Ggrj-.. Obviously fo r full deflection of the control surface to be 
achieved under a ll conditions, the s ta ll torque m ust be at least equal to the 
maximum load torque plus friction but to give a reasonable dynamic 
perform ance, the s ta ll torque is much g re a te r .  F o r example, in a typical 
switching system , the s ta ll torque w ill be approxim ately three tim es the load 
torque. A proportional system  w ill require a facto r of about two; actual 
values a re  obtained initially from  sim ulation s tu d ies .
• *
The maximum free  velocity, Q * is the velocity the piston would 
achieve under no load and fric tion less conditions with the valve fully 
deflected and volume flow Q*. Thus,
Q * =  q * /  . . . ( 2 . 4 )
0
and the m ass flow into the actuator would be
m * = p* Q *
p * Q *
R T . . .  (2.5)
Friction and loading reduce the angular velocity wellbelow the free velocity: 
typically the la tte r  would be 50% g re a te r  than the fo rm er. It should be noted, 
however, that m odem  control techniques (such as sta te  observer) can increase . 
dynamic response so that both and 0 * can be reduced, thereby reducing 
the size of the servo .
Hence, both s ta ll torque and free  velocity m ust be determ ined from  
dynamic response considerations and the minimum value of P* (and therefore 
regulated p ressu re  level) established to give adequate stability  since the 
n a tu ra l frequency of a gas actuator depends upon P* a s :
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where 0  includes a 'dead* volume allowance.
The no load conditions a re  used as reference values against which 
perform ance variations can be gauged; the reference p ressu re  depending 
only upon the ratio  between the effective actuator supply and exhaust a reas  
fo r a given supply p re ssu re . The a reas  a re  determ ined by the valve flow 
a re a s .
Thus, having determ ined the operating p ressu re  and gas flow 
to achieve the required perform ance, the total amount of gas 
needed to maintain a specified duty cycle for a given time can be derived . 
Contingency factors and estim ates of leakage must be verified experim entally .
2.2 CHOICE OF GAS
The choice of gas depends upon several fac to rs . F o r typical 
actuator p ressurization  applications, the total storage m ass anctvolume 
w ill usually be sm alle r for a light gas such as helium than fo r a heavier 
gas such as a i r  o r  nitrogen . (This w ill not be true w here m ass flow is 
the predom inant feature such as gyro spin up applications). This can be 
illu stra ted  by a sim plified example of a requirem ent to provide 0.144 L /s  
of gas at 5 MPa at an am bient tem perature of 25OK for 20s. To m eet this 
requ irem ent, 0.2 kg of nitrogen o r 0.027 kg of helium a re  needed and the 
to tal system  weight and volume w ill depend upon the storage p re ssu re  as 
shown in Figure 4 . A sim ple spherical vessel of FV520 stee l is assum ed 
whose weight is determ ined by the hoop s tre s s  required  to w ithstand the 
gas p ressu re  (a re se rv e  factor of 1.5 has been incorporated).
F u rtherm ore , the gas discharge process is m ore nearly  adiabatic 
that isotherm al so that the ratio  of specific heats has a significant effect. 
Plotted in F igure 5 fo r both nitrogen and helium, this shows that the 
advantages nitrogen has a re  rapidly lost with increasing p re ssu re , the 
effect being m ore pronounced at low ambient tem p era tu res . The m olar 
densities of the two g ases, Figure 6, confirm  th is, showing the rapid 
in crease  in com pressibility  of nitrogen. These data (13, 14) indicate 
that below an ambient tem perature of about 25OK and above a storage 
p re ssu re  of about 40 MPa, helium becomes a m ore suitable choice of 
g a s . Even fu rther advantages of helium can be shown by examination 
of the isenthalpic and inversion curves of F igure 7 which give r is e  to 
the Joule Kelvin effect. Thus if nitrogen a t 20 MPa and 325K is throttled 
to 0.1 MPa it w ill be cooled to 296K w hereas fo r helium , the sam e process
would cause its tem perature to r ise  to 337K (15). This effect together with a 
h igher therm al conductivity would tend to increase the tem perature of helium 
dow nstream  thereby improving the capability of the actuator to do w ork .
However, a ll these advantages of helium can be offset by its  dis - 
advantages. The gas is much m ore expensive than nitrogen and although 
a sm a lle r  helium storage vessel would be m arginally cheaper, the cost 
of any ground testing has to be considered. In addition, the ligh ter helium 
requ ires be tte r storage vessels and seals  if typical 15 y ear storage 
requirem ents a re  to be m et (for example vacuum refined FV520 v esse l 
w ith m etallic break stem ). The sm alle r m ass flows required  using helium  
imply sm alle r control a reas and, therefo re , valve tra v e l. Although this 
would resu lt in fa s te r  valve response giving high system  bandwidth, the 
p racticab ility  of manufacturing such sm all orifices m ust be considered .
F or exam ple, a flow of 0.144 L /s  a t 5 MPa and 250K is equivalent-to a 
m ass flow for nitrogen of 10 g /s  with a 7.70 x lO"'7 m^ control a re a .
U nder the sam e conditions and volume flow, the helium m ass flow would 
be 1.345 g /s  with a 2;67 x 10"? m^ control a re a , a reduction of alm ost 
th re e .
Hence, considering the cost of gas used in the expected large 
num ber of tests  and the facilities for m anufacturing coupled with the 
m oderate storage p re ssu re , nitrogen was selected as the power so u rce .
2.3 PREDICTED REQUIREMENTS OF SERVO
The wide range of applications fo r a m iniature p ressu re  regu lator 
precludes a single definitive specification. However, a typical application, 
that of a medium airborne actuation system  has been selected as the design 
goal. To this end, a range of operating param eters has been selected  and 
is presented  in Appendix A . As an illustration , a p articu la r actuator 
specification, em braced by the predicted operating param eters of the gas 
supply, is also presented in Appendix A .
Thus, the scope of the experim entation in term s of operating 
conditions was dictated by the predicted requirem ents of sm all s to red  
gas actuation system s listed  in Appendix A .
Cost and time precluded environmental conditioning (e .g . 
tem peratu re  cycling and vibration) so that a ll of the experim ental work 
w as c a rried  out under am bient laboratory conditions. Consequently, 
th ree  main variables w ere selected for investigation to a sse ss  the 
perform ance of the regulated stored gas supply; these w ere storage 
p re ssu re , regulated p ressu re  and m ass flow.
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The storage vessel made available fo r the work and described in
Appendix B lim ited the maximum supply p ressu re  to about 30 MPa. 
However , possible leakage and the heating caused during pressurization  
of the vesse l led to the selection of 25 MPa as the maximum supply 
p re s s u re . Two o ther nominal supply p re ssu re s  w ere selected fo r 
p a ram e te r variations, these w ere 15 MPa and 20 MPa.
Regulated p re ssu re  range would obviously depend upon the 
regu la to r design and was chosen to be centred on 5 MPa. A range of 
p re ssu re s  around this value was investigated.
perform ance requirem ents and the num ber of units com prising the system . 
The range of values of m ass flow fo r which a stored  gas supply could prove 
a ttrac tive  is taken to be 5 g /s  to 2 0 g / s .  Since the h igher m ass flow ra tes  
w ere  expected to be m ore difficult to achieve w hilst maintaining good p ressu re  
regulation, much of the investigation involved nominal flow ra tes  of 10 g /s  
and 20 g / s .
additional problem s of a p articu la r actuation system , the load placed on 
the gas supply was provided by choked o r if ic e s . These orifices w ere sized 
fo r the m ass flows stated above, assum ing nitrogen to be an ideal gas at a 
constant tem perature of 250 K.
The m ass flow demanded by a servo system  c learly  depends upon
Since the scope of the project did not w arran t the complexity and
In general, fo r an ideal, com pressible gas 7 + 1 
7
1
22/  y
(2.7)
but fo r choked flow, die c ritica l p ressu re  ratio  is
7
= 0.528 fo r .7 = 1 .4 . (2 . 8)
giving a maximum m ass flow of
•  •  • (2.9)
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Grace and Lapple (16) and Andersen (5) have shown that nozzles
with a ra tio  L :d between 1 and 3 have an effective a rea  G , A alm osta  nindependent of p re ssu re  ra tio  and about 95 p e r cent of the geom etric 
a rea  (An ). Hence, fo r nitrogen regulated a t a p ressu re  of 5 MPa.
m = 0.5787 x 0.95 A„ x 5 x 10** V 296 . In .8 x  250
= 1.1946 x 10^ A^ kg/s - for A^ in m^ . .  .(2 .10)
In fact, the variab ility  in the gas supply tem perature probably 
rep resen ts  the m ajor uncertainty in nozzle sizing as indicated in F igure 8. 
Consequently, nozzles w ere sized fo r the nominal conditions above v iz:
Nominal m ass flow 
at 5 MPa and 25 OK 
(g/s)
Nozzle A rea 
(mm^)
Nozzle D iam eter 
(mm)
20 1.674 1.46
10 0.837 1.03
5 0.418 0.75
In selecting nozzle s ize s , ca re  m ust be taken to ensure that 
upstream  pipe work does not cause excessive losses o r prem ature choking 
of the flow. These losses m anifest them selves as a p ressu re  drop in the 
d irection  of flow and although the exact function that re la tes  flow to p re ssu re  
drop is difficult to estab lish , the p ressu re  drop is usually assum ed to be 
proportional to the square of the flow ra te  (17) Thus:
Now
where
and
A P  = C - P L x
_ i
P P
P/ R T.
m
p n A„ P P
. . .  (2 . 11) 
. . .  (2 . 12) 
. . .  (2.13), 
. . .  (2.14)
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s° that 2 2 2 Tp
px = *  <c d V  pp 7 / t  t t t t -  , , , ( 2 , 1 5 )p. z p aP P
Assuming
pi  = pP 311(3 T i  = t p
7 0  2 / Cd An ' 2
Px "  2 I A_ I P1 • ”  (2*16)
F or a s tra igh t pipe,
0.01 y  < C , <  0.04 t  . . .  (2.17)d L d
so that assum ing
i 2C = 0.025 L / (i*e. one dynamic p re ssu re , j  p V ■ ,lj d P P
lo st in a pipe length of 40 pipe diam eters) equations indicate that a t maximum 
flow condition, pipe losses w ill be given by:
A P  =CLPX = 1,4766-x2 10------ j  P1 - f o r  A p in m 2 . . . ( 2 .1 8 )
AP
Thus, adopting a pipe d iam eter of 3 .2  mm resu lts  in a dynamic
p re ssu re  of less than l% of the total p ressu re  and p ressu re  losses can be
regarded as negligible.
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CHAPTER 3 - THEORETICAL ANALYSIS OF REGULATOR
3.1  REGULATOR SELECTION
A gas p re ssu re  regulator is  a device used to reduce and control 
fluid p ressu re  in such a way as  to maintain a constant output p ressu re  
from  the regulator regard less  of input p ressu re  fluctuations and downstream  
flow req u irem en ts . The sim plest, commonest and often cheapest type of 
gas regulator is the spring-loaded regu lator which, fo r these reasons, 
was adopted as the basis of this study.
- Both diaphragm  and piston w ere considered fo r p ressu re  sensing . 
D iaphragm s a re  generally  m ore sensitive to p re ssu re  changes as friction 
can be made sm all. F o r  sm all displacem ents, a rubber diaphragm has very 
little  stiffness but this increases rapidly a t la rg e r d isp lacem ents. Metal 
diaphragm s a re  even m ore lim ited in displacem ent, and hence input p ressu re  
fluctuations , but can withstand much higher p re ssu re s . Pistons a re  generally  
m ore rugged and have a la rg e r  effective sensing a rea  in a given size 
reg u la to r. They offer higher operating p ressu re  levels and g re a te r  
s troke lengths (hence higher flow ra tes) than the diaphragm  type but 
can su ffer from  sealing problem s. It was argued that the requirem ent 
fo r a sm all regulator and a large p rim ary  p ressu re  range ( ~  5 -  30 MPa) 
does not favour e ith er m etal o r  rubber d iaphragm s. T herefore, work was 
d irected  towards the piston type of regu la to r.
Although an unbalanced valve Figure 9 could provide the s im p les t, 
cheapest and sm allest regulator, the large variation in supply p ressu re  
would resu lt in unacceptable changes in downstream  p re ssu re . Consequently, 
a balanced type configuration was deemed essen tial to satisfy all the 
requirem ents of operation with a gas bottle supply.
Secondary balancing, illustrated  in Figure 10, reduces the effect 
of the p rim ary  p ressu re  on the valve closing force by lim iting the relative 
valve a re a  over which it a c ts . Prim ary balancing, Figure 11, elim inates 
the effect of supply p ressu re  in the static  situation but aggravates both 
fric tion  and leakage problem s.
Since the aim  of the pro ject was to investigate regulator designs 
suitable fo r large p rim ary  p ressu re  variations, closing force variations - 
would be relatively large fo r secondary balanced sy s te m s . T herefore , 
effo rt was directed  towards understanding a p rim ary  balanced piston 
type regu la to r.
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Valves can be classified  into four basic design ty p es: je t action, 
sh ea r action, flapper action and seating action. Of these, jet and sh ear 
action valves a re  not really  suitable fo r p ressu re  regulation, the flow 
a reas  being difficult to con tro l. The sharp-edged flapper valve, is 
essen tia lly  a pure orifice fo r openings much less  than the pipe d iam eter 
but is difficult to manufacture and prone to damage if the flapper is allowed 
to hit the nozzle . The flat-faced flapper has complex flow ch a rac te ris tic s , 
unsuited to the requirem ent h e re . The m ost prom ising valve type is the 
seating  valve of which the poppet type offers the sim plest and m ost common 
arrangem ent fo r a variable a rea  valve. T herefore, this was regarded 
as the m ost obvious s ta rtin g  point. Three types of poppet w ere considered: 
sp h erica l, conical and d isc . Of these, the conical poppet valve was studied 
fu rth e r  since its flow a rea  seem ed m ore easy to analyse than the spherical 
poppet. The disc poppet could be trea ted  as a special case of e ith er although 
a t la rge  openings its flow becomes m ore unpredictable (17).
3 .2  STEADY STATE ANALYSIS
F o r sm all openings, the flow through the poppet valve shown in 
F igure 12 may be assum ed to be an orifice type flow. If the sea t is para lle l 
to the poppet, the fluid is unable to follow the sharp  bend, A, in Figure 12,
and it separates from  the c o m e r . The p ressu re  along the seat is the sam e
as the exhaust cham ber and the analysis is identical to a sharp  edged valve 
(s = 0, F igure 12). The sam e is true if the sea t angle is g re a te r  than the 
poppet angle so that the valve contacts the point labelled A . If the seat 
angle is less than the valve angle, so that contact occurs at B, then the 
p re ssu re  along the sea t varies from  upstream  to downstream  p ressu re  
which tends to open the closed valve. Since the valve is to be designed 
so that the p ressu re  force seen by the closed poppet is balanced out, the 
study is confined to a sharp  edged valve.
The discharge of high p ressu re  gas from  a storage vessel cannot 
s tr ic tly  be described by an isentropic process because of heat tra n sfe r  
between gas and v esse l. However, the subsequent flow through the 
regu la to r and associated  pipework could be treated  as isentropic flow 
if the therm al m ass of the struc tu re  w ere sm all. Blanchard (12) suggested 
that his experim ents showed that heat tra n sfe r in the apparatus dow nstream  
of the storage vessel did not have a significant effect on the tem perature 
of the gas supplied a t the loading device (in this case a nozzle). Indeed, - 
Landram  (18) dem onstrated reasonable correlation  between experim ental 
and predicted resu lts  fo r gas discharges with s ta rting  p re ssu re s  up to 
37 MPa using ideal gas re lationsh ips. Johnson and Dwyer (19) w ere also 
able to use ideal gas equations fo r certain  aspects of th e ir  analysis of 
d ischarge p ro ce sse s . T herefore , the analysis presented herein s ta r ts  
w ith the reasonable assum ption that the flow through the regulator is 
isentropic and that the gas can be treated  as ideal.
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Consider then, the flow past a conical poppet system  shown 
schem atically  in Figure 13. Assuming a sharp-edged sea t, negligible 
fric tion  and uniform velocity, the resu ltan t force will be a summation 
of the p ressu re  and momentum flow fo rces, viz:
where
and
since
Also,
F = (P A + S ) - " ( P . A. +  S .  cos 6 ) . . . ( 3 . 1 ). s o s '  v j j J
S = A P v 2 . . .  (3.2)s o s s '
S . = A. p . v.2 . . .  (3.3)l i - i i
S . = S . + A. (P. -  P.) . . .  (3.4)
3 i i i 3
F u rth er, at the throat section, A., assum ing sonic conditions
v . = /  2 C T 
i V P
7 + 1 . . .  (3.5)
T i _ 2
T = 7 +  1o
p / \  y - 1o~  — \
: \ 7 + i  /O \  '^ i " * R T * * *
so that from  3 .3 , 3 .5  and 3.6:
P 7 (  2 )i o  y.7 + 1 y
7 - 1
= A; p« 7 I^TTT” ) . . . ( 3 . 7 )
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Furtherm ore ,
P.
P. A. = A. P - i  1 1  1 o P
= A 
so that from  3 .,4 •
F f-Mi o  Y 7 + 1 / 7 - 1 . . .  (3.8)
3
Thus, from  3.1
2 A- p y  •i o \7  + 1 / 1 -A . P.i 3
. . .  (3.9)
F = P A + s  - P .  A. -  A. s o  s j j l 2 P (^ r)7 -1 - P.3 cos 0 
. . .  (3.10)
Now:
Ps I  2 \  7 -  1
F  = ( * - V
where 0 v
v  2 = 8o 2 C T 
P o
. . .  (3.11)
. . .  (3.12)
so that substituting into 3 .2  and using the relationship R =C p (7  - 1)/ y
T " T "  =  v o  ( *  ‘  v 0 2 )  - < 3 - 1 3 >
0 0 '  '
and noting that in this case A  ^ = Aq, equation 3 .1 0  becom es:
but
P A o o
m v  s_
P A o o
and using 3.13
m J T F
P A o o
T -  1 . . .(3 .1 5 )
F or choked flow a t A^,
P A o i
= <t>JT
r -i JL
/  2  t  / t  - 1 \  t - i  r r ^ r
V 7 - 1  L " \ t + 3 L /  V 7 + 1
. . . (3 .1 6 )
then dividing 3.15 by 3.16
A.
. . . (3 .1 7 )
w here
V.l
7 - 1  
7 + 1
Hence using equation 3 .17  to obtain V , equation 3.14 can be used 
to obtain the force on the poppet as a function of valve opening fo r known 
supply p re ssu re s  and downstream p re ssu re s .
The variation of F/P q Aq with a rea  ratio  A ./A q is shown in Figure 14
fo r 7 = 1.4 and P ./P  = 0 .3 9 . The values of F /P  A have been norm alised  j o o o
by dividing by the value of F/P q Aq when A. = 0.
Data fo r this type of poppet w ere published in 1961 by T sai and 
C assidy (10) and fo r com parison a re  included in F ig u re .14.
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Consider now, the same sharp  edged conical poppet arrangem ent 
used in a p ressu re  regu la to r shown schem atically  in Figure 15. It is 
requ ired  that the p ressu re  downstream  of the regu lator is maintained 
a t a constant value, P . This is accomplished by the variation in 
regu la to r orifice a rea  A. with supply p re ssu re  PQ. The force balance 
equation fo r the regu la to r can be w ritten  as :
Fc = Fs - kx . . . (3 .1 8 )
w here Fs is the spring  preload, k the spring constant and Fc the resu ltan t 
fo rce  tending to close the poppet. But the force tending to open a poppet 
has been derived (equation 3.10) and that tending to close the arrangem ent 
shown in F igure 15 is sim ply Pq Aq .
T herefore , the resultan t F0 can be w ritten  as a function of A .:- 11
  7 -1
\ /  o X ' Y - i  /  n \
F = P  A -
C 0  0 o ' o H o 2)  l1+~ r ) ' pj V V 030 2po(4r)
. . . ( 3 .1 9 )
However, P., the p ressu re  im mediately downstream  of the valve
is unknown but can be determ ined if certa in  assum ptions a re  m ade. Assum e
the flow is choked a t both A. and A then the m ass flow can be described byi n  J
m = 0 A . P 7
0 A P,
n T e ^  R T Te . . . ( 3 .2 0 )
w here 7 -1
. . . (3 .21)
and is the total p ressu re  which would resu lt if the gas velocity  w ere reduced 
to ze ro  isen trop ically . But if the system  has sm all therm al m ass, the 
difference between the total tem peratures Tq and T j e w ill be insignificant 
so that: ^
m = * A n Pe ( l - V e2)  /rV - < 3 -22>
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w here
V /
therefore, A P = A i o p ( i - v 2)  n e \  e /
7 - 1
now
and
= / 2 C  T V P  o (*+)
A v e e
m R T  T o e
. . . (3 .23)
. . . ( 3 .2 4 )
. . . (3 .2 5 )
. . . (3 ,2 6 )
so that substituting into 3.26 fo r m and T q/ T q
Ve = 0  i r  j 1 ! 1 -  (X - Ve2)
7 -1 . . . ( 3 . 27)
F urther,
, S-. -  S = (P -  P.) A J e e J e
where
= (j> . A P 7 / X  i o V 7  -1
and S' j is  given by the equation 3 . 9 .
So substituting into 3.28 
A. PP
_ !
Pe
1
7 -1
. . . (3 .2 8 )
. . . (3 .2 9 )
r
7 -1 A
+ 0 7
2 /  2 \ 1 " i  n- v e ( i - v e ) 3 -
. . . ( 3 .3 0 )
F o r steady sta te  conditions equations 3 .20 , 3.24 and 3 .29  can be 
used  to simplify equation 3 .30 , giving
\(‘ +) -1 - (‘ v«2) M f2(ra-) V n
.. . (3 .3 1 )
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Thus, equations 3 .17 , 3 .18 , 3.19 and 3.31 describe the steady
sta te  of the regu la to r. A com puter program  w ritten  in BASIC to solve 
these equations is presented in Figure 16. A typical se t of resu lts  is 
tabulated in Figure 17 and displayed graphically in Figure 18 fo r the 
case  of m ass flows of 10 and 20 g /s  at a regulated p ressu re  of 5 MPa.
shows the variation  of closing force with regulated p ressu re  fo r a supply 
p re ssu re  of 25 MPa. F igure 18 indicated that the supply p ressu re  does not 
produce a proportional variation in valve displacem ent but the resulting 
closing force does. Now, fo r good regulation, the spring  force m ust 
exactly cancel the fluid force for all supply p re ssu re s  at the required 
se t p re s s u re . Thus, the spring ra te  should equal the ra te  of change of 
p re ssu re  force with valve displacem ent. From  Figure 18, it is c le a r  that 
a p a rticu la r spring ra te  is suitable only fo r a fixed m ass flow ra te  and 
s e t  p re ssu re  but provided that valve excursions a re  sm all, good p ressu re  
regulation is possible over a wide range of flows and se t p re s s u re s . This 
featu re  is essen tia l in the justification fo r the sim ple, cheap regulator 
design proposed here in .
3 .3  DYNAMIC ANALYSIS
a lumped param eter approach was adopted. The sho rt flow lines w ere 
assum ed to make the spacial variations in flow variables negligible 
w ith respect to tem poral changes ( i .e .  insignificant transport delays, 
phase lags and amplitude attenuation in transm itting  pulses and harm onic 
s ig n a ls ). Additionally, fluid inertia  effects w ere assum ed to be negligible, 
again because of the short pipes and low fluid density .
C onsider again, the regulator as a variab le , choked orifice in se rie s
w ith a fixed, choked load o rifice , linked by a known settling  volume -  F igure 
20 . Then if as in Section 3 .2 , an ideal gas is assum ed, the m ass of gas 
in the volume is given by:
The tem perature change may be calculated in two w ays: by an 
energy balance in which heat flow to the w alls is evaluated o r by assum ing 
a p rocess that re la tes  tem perature to p re ssu re . H ere, a poly tropic 
p ro cess  w ill be assum ed fo r ease of computation i . e .
Several computations w ere perform ed to produce Figure 19 which
In o rd e r to investigate the response of the system  to d istu rbances,
m P V •  •  • (3.32)e e
RTe
or. dm
me
dP
P
dT
T •  • (3 .33)e e
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T  = T "  . . . (3 .34)
w here, for an isentropic p rocess , 7 is the ratio  of specific h ea ts . Thus, 
if V is constant:
m ,e dP __ dm • ,
T T  dT -  d r  -  me . . . (3 .3 5 )
e
7 RT
p = „  e m . . . (3 .3 6 )e V e
But if total tem perature T j g  = Tq then from  equation 3.25 
T  2
s r =  1 - V „  ■ ■ . . . (3 .3 7 )T eo
o r
and
PTe
m >  m - m = 0 /  • ■ A P - A P ( . . . (3 .3 8 )e i n , / R T  i i o  n Te  \
So substituting into equation 3.36 fo r me and and into 3 .38  fo r
- 7
L  . _ 2 \  ) . . ( .  . .  2 \  r ' 1( l  -  V 2)  A . P  - A  P ( l  -  V 2 )
\  e / f  1 0  n xe \  e /
P = 7 0  ■ " e V
.. . (3 .3 9 )
and p is a function of A., P and t as described in Section 3 . 2 .*e i o
Now, the total axial force tending to open the regulating valve 
is given by:
F = - F  4fk ( s - x )  -  Cx . . . ( 3 .4 0 )v c
and the equation of motion of the valve poppet is
20
F = m x v . . . (3 .41)
so that from  these two equations, and substituting fo r from  equation 3 .19
x +G x + k (x -s )  * -P  A + j P A ( l -  V * [l -J— -0-  1 -  P. A. -A.  cos0o o / o o \  o /  I 2 /  j j lV.
2 P 2 V7-1
Rewriting equations
A. = B , x  i . 1
P . = 
J (peV2(-7ir) 7 -1 A. P i * o
o \7  +1
.. . (3 .4 2 )
. . . (3 .4 3 )
( 1 - V
w here
B,
B,
B,
2 7r r  sin 0
-  7
—  y ^ V e ^ - V e 2)  7 ' 2 ^
e
A. A
1/  e
. .  .(3 .44) 
. . . ( 3 .4 5 )
. . . (3 .4 6 )
. . . (3 .4 7 )
then equation 3.42 can be rew ritten  as :
mx + C x + k (x - s ) = -P  A + < P  
■ o  o  ‘
where
B
B.
A. cos 0l
2B Wr) T "
. . . ( 3 .4 8 )
. . . (3 .4 9 )
. . . (3 .5 0 )
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Thus, equations 4.43 - 4 .50  describe the dynamics of the gas 
regu la to r with the boundary conditions of:
fo r x = 0
Ai = 0
Vo = 0
Ai /A *
Using these equations, the system  was modelled by the IBM digital 
sim ulation language CSMP (Continuous System Modelling Program ) which is 
based on FORTRAN. The CSMP language has standard routines fo r integration, 
differentiation e tc . to complement the digital program m ing log ic . Ito ffers  
a choice of integration routines, the m ost accurate (although the m ost tim e 
consuming) being the Runge-Kutta 4th o rd er fixed step (coded RKSFX).
The program  listed in Figure 21 com prises three parts
(i) INITIAL - contains initial param eter conditions and constan ts.
(ii) DYNAMIC - contains equations which model the system .
(iii) TERMINAL - contains integration method, step  size and output 
fo rm a t.
During much of the operating tim e, the system  w ill behave quasi 
s ta tica lly , the flow variables changing slowly and monotonically. Thus, 
the period of g rea test in terest w ill be just a fte r  s ta r t  up when the rapid 
r is e  in p re ssu re  a t the regu lator input may cause transien t oscilla tions.
It was felt that modelling the p ressu re  r is e  in the transm ission  
line between gas storage vessel and regulator was beyond the scope of 
this w ork . Consequently, initial studies assum ed that excitation of 
the regu lator was a step change from  atm ospheric p ressu re  up to supply 
p re ssu re  which is the condition usually occurring  when the system  is 
activated , i . e .
a t t  = 0 Pq = P£ = Pj = 0.1 MPa t >  0 Pq = storage p re ssu re
P = x = x = 0 e
x = 0 .7  mm
A. = A i o
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Typical resu lts  from  the program  a re  tabulated In F igure 22 fo r  a 
load nozzle a rea  of 1.67 mm2 and a step  input of 25 MPa. With no viscous 
dam ping the regu lator poppet- oscillates continually giving r ise  to low 
am plitude p ressu re  cycling - Figure 23 . A sm all amount of mechanical 
damping Is enough to prevent this and if the poppet motion is c ritica lly  
dam ped, the variation in p ressu re  is governed by the downstream  volum e.
This can be shown from  equation 3 .39  which is a f ir s t  o rd er differential 
equation in Pg with solution of the form :
Pe = g  ( 1 -  exp (-E t»  . . . (3 .5 1 )
where ^  R Tq
and
D = $ 7  ---- rr-2— A. P ( l - v 2) . . . (3 .5 2 )V i o e
= <t> 7 '  „  °  A l l - v ' l  7 - 1  . . . ( 3 .5 3 )
So, the time constant 1/E  w ill determ ine the tim e taken fo r the 
regulated p re ssu re  to reach its steady sta te  value, if one ex ists , and fo r 
a fixed load, depends only on volum e. F o r a load nozzle of 1.67 mm^, this 
variation  is illu stra ted  in Figure 24.
C learly , a sm all amount of sliding friction is required  fo r stability  
and it is not unreasonable to assum e that this could easily  be provided by 
the piston seal of the regulator and w ill, therefo re , depend to some extent 
on supply p re s s u re . F o r a 25 MPa step, Figure 25 shows the effect of 
viscous friction on the poppet dynamics estim ated from  m easurem ents of 
theoretical overshoot v iz :
n th  overshoot \ -  T 7r
(n+1) th overshoot 6X^ j J  l  -f-2
The period of oscillation can be given by:
r  = 2jr / | T  . . . ( 3 .5 5 )
w here K is the total spring stiffness com prising pneumatic and m echanical 
te rm s  with the fo rm er component dependent upon upstream  p ressu re  and 
dow nstream  p ressu re  and volume. The response of the poppet to a 25 MPa 
step  is illustrated  in Figure 26 and indicates an oscillation period of QV3 ms 
when lightly damped (curve 1).
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CHAPTER 4 - EXPERIMENTAL INVESTIGATION OF REGULATOR DESIGN
4.1  GENERAL DESIGN
The design philosophy described in Section 3 .1  called fo r a simple* 
inexpensive, sm all regu la to r based on a p rim ary  p ressu re  balanced sp ring- 
pis ton-poppet arrangem ent.
Since the valve m ust be capable of passing the maximum design flow 
of 20 g /s  at a downstream  p ressu re  of 5 MPa, it follows that the maximum flow 
a rea  m ust occur fo r a minimum upstream  p ressu re  of 5 MPa and this w ill 
be equal to the effective load nozzle a rea  of 1.586 m m ^. Conversely, 
minimum flow a rea  of 0.334 mm^ occurs a t maximum supply p ressu re  
of 25 MPa.
The a rea  of the o rifice, from  sim ple geom etry, is given by :
which is a maximum fo r  a poppet angle, 0 of 45°. Since the valve orifice 
should not be g re a te r  than the pipe d iam eter of 3 .2  mm (1/8") a value 
o f 2mm was chosen with the poppet valve stem  of 1 mm d iam eter. These 
s ize s  w ere deemed the minimum practica l bearing in mind the facilities 
available and the need to minimize manufacturing c o s ts . The general 
assem bly of the valve is shown in Figure 27 and Figure 28 is a photograph 
of the actual com ponents.
The requirem ent of Appendix A did not call fo r total flow cut-off 
and use was made of this by allowing the poppet to be a clearance fit in the 
valve body. This enabled assem bly to be ca rried  out from  the spring  housing 
end thereby perm itted a boss to be fitted to the stem  to retain  the poppet in 
the body.
Using the theory developed in Section 3 .2 , the valve closing force 
w as determ ined as a function of supply p re ssu re . This was equated to 
the spring  forces and fo r the m ass flows specified, the ch arac te ris tic s  
of the required springs w ere obtained:
0 . /  xsin 0 cos 0 V= 2 7r xsm  0 I r  -  — ^--------- ------- i  . . . ( 4 .1 )
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Flow
fe /s)
Spring Rate 
(N/mm)
Spring Precom pression 
Force (N)
Required Precom pression 
(mm)
20 9.53 19.46 2 .0
10 8.32 17.49 2 .0
5 7.68 16.58 2.1
However, tim e was not available to perm it the m anufacture of these 
springs and a selection of p rop rie tary  springs w ere obtained to cover the a rea  
of in te re st:
F lexosteels 
Stock No.
Spring Rate 
N /m m
F ree
Length
mm
Solid
Length
mm
No. of 
Coils
Hole D ia. 
mm
Rod D ia. 
mm
103104 9.98 13.5 6 .4 6 7.94 4.76
103105 7.60 16.5 7 .7 7.25 7.94 4.76
103004 6.57 13.5 5 .6 6 7.94 4.76
103005 5.25 16.5 6.6 7 7.94 4.76
If too large a spring .rate w ere used, 'droop* would be excessive 
( i .e .  the regulated p re ssu re  drop with increasing flow demand)/
In o rd e r  to balance the p rim ary  p re ssu re , the spring housing had to 
be kept a t atm ospheric p ressu re  and this was done by drilling a large hole 
through the regu lator cap and fitting a  sea l to the poppet s tem , the la tte r  
being chiefly to reduce leakage. This high p ressu re  sea l coupled with the 
extrem ely  sm all dimensions of the poppet was thought to be a c r itic a l fea tu re . 
T herefo re , prelim inary  tests  w ere undertaken to determ ine the sealing forces 
fo r  the type of *0* ring seals which, it was hoped, could be used.
Detail sketches of the regulator , on which the manufacture was 
based , a re  shown in F igures 29 to 33.
25
4.2  FRICTION AND SEALS
Provided that the spring housing of the regulator is maintained 
a t atm ospheric p re ssu re , a piston seal is not essen tial to the c o rre c t 
operation of the device. Indeed, ap art from  reducing leakage, thereby 
increasing  the amount of useful gas, a sea l w ill norm ally introduce 
friction  to the system  which could seriously  degrade perform ance.
However, the reduction of leakage was considered extrem ely im portant 
in m inim ising the size and weight of a gas storage v esse l. Consequently, 
a b rie f study of the use of an *0' ring sea l, one of the sim plest methods 
of dynamic sealing, was undertaken.
The seal tests  w ere c a rrie d  out using a 4 x scale  regu lator body 
with a balanced piston arrangem ent shown in F igures 34, 35. The te st 
r ig  w as fitted with dual p roprie tary  seals (James W alker type 17003) 
using the *fit* recommended by the m anufacturer. F or various in te rsea l 
p re ssu re s , the force required to move the pintle was m easured using the 
deadw eight method. Although, fo r safety reasons, only low p ressu re s  
w ere  used, the friction force was quite linear with p ressu re  -  F igure 36 
and extrapolation indicated that the friction: p ressu re  force ra tio  would 
be quite sm all over the expected operating region of the regulator -  F igure 37.
M easurem ents also indicated that there was no detectable reduction 
in fric tion  when the piston began to move. That Is the stiction force was 
approxim ately equal to the Coulomb fric tion . However, it can be seen
fro m  Figure .36 that the Coulomb friction is made up of two p a r ts , that due
to the interference fit between the seal and the bore and that due to the 
p re ssu re  force on the sea l, and a relationship of the following form  could 
be assum ed:
K = K +BP rc  . . . ( 4 .2 )c co o x
where B is a constant which depends upon the m ateria ls  used
r  is the mean radius between piston and bore
and
c the clearance between piston and bo re .
Hence, the variation in Coulomb friction fo r  the regu lator would be 
reduced in the ratio  of the radii (assuming the sam e *fit*) viz:
K = 1.75 + 0.289 x 10~6 P . . . ( 4 .3 )c o '  \
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These re su lts , and the confidence of the seal m anufacturers to 
provide a suitable rubber '0 f ring fo r the regulator, led to the adoption 
of this type of sea l in the regulator design.
Using the above values fo r friction , the sim ulated valve response 
to a 25 MPa step input is  shown in Figure 38. The viscous friction coefficient 
of 0.24 N s/m  MPa was chosen as being close to the value required fo r c ritica l 
damping of the valve. Comparing Figure 38 with F igures 23, 26 indicates 
that Coulomb friction has little  effect upon p ressu re  r ise  but reduces the 
valve position overshoot.
4 .3  TEST FACILITY
The overall te s t facility is very s im ila r  to that used by Blanchard (12) 
in his work on gas d ischarge . It com prises an experim ental high p re ssu re  
gas storage and regulated delivery system  and a supply section to allow 
controlled  pressurization  of the storage vessel in accordance with the 
experim ental requ irem en ts .
In the gas supply section , shown in Figure 39 dry nitrogen 
gas from  a standard laboratory  cylinder was com pressed using a 
rec ip rocating  p re ssu re  in tensifier driven by low p ressu re  a i r .  The 
output from  the in tens if ie r  was connected via an isolating stop valve, 
a re lie f  valve and a p ressu re  gauge to the storage v esse l. The re lie f 
valve was se t to open a t a level lower than the maximum working p re ssu re  
specified fo r the vessel w hilst the p re ssu re  gauge gave an approxim ate 
indication of the gas p re ssu re .
The equipment and configuration used in the experim ental section 
w ere  dictated by the need to rep resen t a p ractica l gas storage and delivery 
system  as closely as possib le . The storage vessel described in Appendix B 
w as represen tative as was the experim ental regu lator described in 
Section 4 .1 . However, the p roprie tary  regulator and solenoid stop-valve 
also  described  in Appendix B w ere considerably la rg e r  than would be used 
in p ra c tic e . The regu lator was in fact the sm allest that could be readily 
obtained to provide the required  flow and p ressu re  ranges. In a 
represen tative system , the stop valve would probably take the form  
of a single shot break stem  o r  b u rs te r  disc in tegral with the storage 
v e sse l. This would be im practical fo r a prolonged experim ental 
program m e and therefore a solenoid valve was selected fo r this purpose 
and mounted between vessel and regu la to r.
The high p ressu re  stee l tubing used on the test rig  was typical 
of that cu rren tly  employed in many hot gas servo system  and its  length 
between regulator and load was also considered represen tative of the 
expected applications. F or safety purposes, the whole of the experim ental
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section of the facility was contained within a m etal cabinet, lined with 
wood - F igure 40. The experim ental section is shown in Figure 41 with 
the p rop rie tary  regulator and again in Figure 42 using the m iniature 
reg u la to r developed on the p ro jec t. The overall te st facility is shown 
diagram m atically  in F igure 43.
Because of the large amount of data which would have to be 
p rocessed  fo r each te s t, a m inicom puter was used to control and collect 
the data and process it into a suitable form  fo r an a ly sis . However, the 
lim ited  amount of com puter storage and the need fo r a relatively  high 
data ra te  resulted  in the instrum entation being lim ited to 8 channels.
These w ere allocated to 4 p re ssu re  transducers and 4 thermocouples 
positioned to m easure gas conditions both upstream  and downstream  
of the reg u la to r. The general arrangem ent of the instrum entation is 
illu stra ted  in Figure 44.
Each monitoring point com prised a p ressu re  tight coupling into 
which a p ressu re  probe and thermocouple probe could be inserted  F igure 45. 
Gas p ressu res  w ere m easured using variable reluctance p re ssu re  
tran sd u cers  w hilst tem peratures w ere monitored with sm all, m ineral 
insulated, Chrom el-A lum el thermocouple p ro b es . The la tte r  w ere 
positioned a t least one th ird  of the way into the tubing avoiding any 
stagnation lay e r. Reference conditions fo r both instrum ents w ere 
laboratory  am bient which w ere assum ed not to change over the relatively  
sh o rt te s t duration.
During prelim inary  te s ts , the p ressu res  recorded exhibited a 6 kHz 
component, particu larly  large on two channels. This was attributed to the 
p re ssu re  transducer o sc illa to r and elim inated on the two m ost affected 
channels by the use of a low pass signal f i l te r .  The 3 dB point of the 
f il te r  was se t a t 3 kHz so that its effect on actual p ressu re  fluctuations 
would be m inim al. Tlie rem aining noise seem ed random in nature  and 
was thought to be mainly due to the method employed in transm itting  
the data from  the experim ental r ig  to the com puter , a distance of about 
25 m . As indicated in Figure 46a, the transm ission  line, which com prises 
a num ber of separate  w ires with a common earth  sheath , is prone to both 
pick up (induced) and earth  loops. However, the noise was not regarded  as 
sufficiently troublesom e as the program m e delay which would be imposed by 
installing a bette r system , although two such methods w ere  briefly  studied. 
The f ir s t ,  illu stra ted  in F igure 46b, requ ires the signal to be sent down two 
lines, one the inverse of the o ther so that by subtracting the two a t the 
re c e iv e r, a ll common modes (induced and ground noise) a re  re jec ted . 
Unfortunately, any analogue transm ission  line w ill have some signal 
corruption due to s tray  capacitances and the fact that common mode 
rejection is not 100%. The second, Figure 46c, shows the be tte r system  
of a digital transm ission  line which, had tim e perm itted , would have been 
adopted fo r this situation.
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The sm all signals output from  the instrum ent am plifiers w ere boosted 
using a se t of variable gain buffer am plifie rs . The gains w ere se t so that 
the maximum voltage seen by the com puter was not g re a te r  than its lim ited 
input of + 10V. It also improved the signal to noise ch a rac te ris tic s  for 
transm ission  to the com puter.
The com puter initiated a test run by switchingthe solenoid valve. 
Data from  the instrum ents w ere then sto red  in RAM until completion of the 
te s t when, a fte r the preprogram m ed tim e, the solenoid valve was 
autom atically shut off. The data w ere then scaled,according to the 
calib ration  ch a rac te ris tic s  of each instrum ent,and output, usually in 
g raphical fo rm .
Full details of the instrum entation devices a re  giveniin Appendix C 
and the com puter hardw are and software in Appendix D.
4 .4  DISCHARGE CHARACTERISTICS
The program m e of tests conducted was divided into four sec tio n s . 
These w ere the steady state  tests  and transien t tests  c a rrie d  out with the 
p ro p rie ta ry  Hale-Hamilton regu lator, shown in F igure 47 and 48 respectively  
and s im ila r tests  ca rried  out using the experim ental regulator listed  in 
F igures 49 and 50.
During the prelim inary  stages of testing it was decided that the 
vast amount of data could not be sto red  o r presented num erically  and that 
the form  of output from  each test should be g raphical. With this method 
it w as believed that specific data could be "read off” the graph to one 
decim al plade which was deemed adequate bearing in mind the com puter 
sam pling data to two decim al places and the system  no ise . Three 
com parable data plots a re  presented as exam ples fo r each regulator 
in F igures 51 to 62.
Using the c rite rio n  adopted by Blanchard fo r com parative analysis 
of the experim ental data, the duration of the te s t is defined as the tim e from  
the solenoid operating to the point where the gas p ressu re  dow nstream  of the 
regulating valve falls to 90% of the mean level during d ischarge . Thus, some 
bas ic resu lts  can be obtained d irectly  from  the data as indicated in F igures 
47 to 50.
During tests  with the p roprietary  regulator, it was noticed that 
the initial p ressu re  surge which occurred on opening the solenoid valve 
tended to rupture the rubber diaphragm . However, ap art from  the 
few milliseconds at the s ta r t  of a test, p ressu re  and tem perature 
ch a rac te ris tic s  w ere found to be the same w hether o r  not the regu lator 
was placed upstream  o r downstream of the solenoid valve. Hence, m ost 
of the tests  w ere perform ed with the p roprie tary  regulator upstream  
of the solenoid valve, thus avoiding damage to the rubber diaphragm .
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Following the m anufacture of the m iniature regulator, the seal 
m anufacturers adm itted th e ir  inability to provide seals  fo r the regu lator 
piston using their norm al injection moulding methods and o ther suppliers 
w ere  unable to provide seals within the required tim e sca les . T herefore , 
it was decided to try  to pack the sea l groove with Silastic 738RTV, a 
silicon rubber moulding compound, which, when cured, should have a 
Shore hardness of 80.
The f ir s t  attem pt a t Taying in* the rubber sea l was unsuccessful, 
A scalpel was used to shape the rubber which was then left to co ld-cure 
overnight. The seal w as, therefo re , not very  even and although it sealed 
w ell enough statically , under dynamic conditions the rubber extruded up 
the bore alm ost im m ediately. In the second attem pt, the sea l groove 
w as packed with the compound and the pintle pushed into a loost-fit 
cy linder, thereby removing surplus rubber. The assem bly was then 
left in an oven at 100 C fo r 8 h o u rs .
The f irs t  test run using a 1.46 mm d ia . load nozzle (nominal 
flow 20 g /s  a t 5 MPa) was quite encouraging. The spring preload was 
a rb itra r ily  se t a t approximately 2mm com pression and regulation was 
fa irly  constant a t 3 .5  MPa, as can be seen in Figure 63.
A second run was made using a 1.013 mm d ia . load nozzle (a 
nom inal flow of 10 g /s  at 5 MPa) but a fte r 2s, the sea l collapsed and the 
rubber extruded into the spring housing; the effect on p ressu re  can be 
seen in Figure 6 4 . ' However, the regulated p ressu re  seem ed to reco v er, 
indicating that to lerable operation might be possible without a s e a l.
Two fu rth er te s ts , (numbers 3 and 4) confirm ed th is . The effect of 
the sea l was estim ated by taking the mean regulated p re ssu re  during 
the run and multiplying it by the run duration ( i .e .  approxim ately the 
a re a  under the p ressu re -tim e  curve during the useful operating tim e).
The te s t with a seal and 1.46 mm dia . load nozzle yielded the product 
119.6 MPa-s w hilst the equivalent test without a sea l had a p re ssu re  
tim e product of 90.5 M Pa-s. The difference was alm ost certain ly  
due to leakage and m easurem ents on the regulator showed a leakage 
a re a  of 0.18 mm^ - not within the tolerances layed down in the design.
Consequently, it was decided to continue the tests  without a sea l 
and obtain a second valve stem  of c lo se r f it .  This became available fb r. 
run num ber 13 and the reduced leakage a rea  of about 0.016 mm extended 
the run duration by over 5%.
C loser examination of the transien t te st data reveals than on 
operating the solenoid, there is , approxim ately, a 6 ms delay before 
the p ressu re  upstream  of the regulator begins to r i s e . The upstream  
p re ssu re  reaches its maximum in about 3 ms fo r the m iniature regu lato r
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and in about 8.5 ms fo r the p roprie tary  regulator which has a much g rea te r  
free  volum e. Using equation 3.53 modified to estim ate the p ressu re  r ise  
between the solenoid and the fully open m iniature regulator gives extrem ely 
good agreem ent, that of the p roprie tary  regulator not so good because of 
the relatively  large, variable volume of the regulator itse lf .
However, the r ise  time of the p ressu re  downstream  of the m iniature 
regu la to r was about four tim es fa s te r  than that predicted as can be seen 
in F igure 59. Use of the regulator without a piston sea l would c learly  resu lt 
in low er values of both viscous and Coulomb friction than those determ ined 
in Section 4 .2  but obviously, sufficient damping rem ained to prevent p ressu re  
oscillations described in Chapter 3 .2 . Unfortunately, regulator valve 
position was too difficult to m onitor with the facilities available so that no 
quantitative estim ates of damping could be m ade.
Once flow has been established, it was c lear that the p roprie tary  
regu la to r could maintain good regulation over the whole supply p ressu re  
and m ass flow range - F igures 53, 57. On the o ther hand, the m iniature 
regu la to r provided reasonable regulation until the control orifice became 
su b critica l ( i .e .  ^  0.5 PQ). It is c le a r , therefore, that a high flow
dow nstream  of the choke would give a lower p re ssu re , P., and regulation 
fo r even lower supply p re s su re s . ^
4 .5  DISCUSSION
In the design of the experim ental facility , a com prom ise had to be 
made between the d es ire  to rep resen t a typical practical gas supply system  
and the need for a versa tile  experim ental arrangem ent. Budget and 
time scale w ere also instrum ental in determ ining the extent and 
sophistication of the study.
Thus, a t the onset i t  was rea lised  that experim entation would 
be lim ited to ambient conditions within the laborato ry . Param etric  
variations w ere , therefore , confined to p re ssu re  and m ass flow.
O perating range was chosen to be wide enough to em brace several 
potential applications without com prom ising regulator design o r 
exceeding lim itation specified by the m anufacturers of the p roprie tary  
equipm ent.
The volume of the gas storage vessel was felt to be typical of 
a re a l system  although its shape would not n ecessarily  be suitable for 
p a rticu la r in sta lla tions. (Obviously, the variation of surface a re a  of 
the storage vessel would affect discharge ch a rac te ris tic s ) . The solenoid 
operated s ta r t  valve w as, on the o ther hand, completely unrepresentative 
and was chosen only fo r its speed of operation and its flow cap ab ilitie s .
A re a l system  would probably employ a single shot device which would be 
much sm alle r but incapable of repetitive operation. T herefore , no attem pt 
w as made to model o r  a sse ss  its perform ance.
S im ilarly, the p rop rie tary  regulator was totally unrepresentative 
and served  only to provide a standard against which the m iniature regulator 
could be com pared. The length and shape of the interconnecting tube 
would, in a rea l system , depend upon the p articu la r installation and in 
ce rta in  applications could be replaced by drill-w ays in an integrated 
servo  actuator-gas supply assem bly . However, the tubing used was 
thought to be a fa ir  representation  in te rm s of m ateria l, d iam eter and 
length although to facilitate  instrum entation and servicing, non-representative 
unions w ere  employed. A se rie s  of load nozzles w ere used to sim ulate the 
flow which would be required  by the servo-m echanism s, these nozzles w ere 
s ized  using ideal gas relationships at 250 K.
The m iniature regulator w as, as fa r  as prototypes can be, 
representative of a practical supply system . The choice of nitrogen as 
the working medium resulted  in a device which was e a s ie r  to manufacture 
and assem ble than that which would be required if helium had been se lected .
It w as realised  a t the s ta r t  of the pro ject that tim e and costs would prevent 
a ll but m inor changes once the prototype had been built.
It was considered that the data obtained from  the p re ssu re  transducers 
w ere  m ore reliab le than those from  the therm ocouples. The therm couples 
w ere  shielded to prevent deform ation in the high gas flows which reduced 
th e ir  speed of response to w orse than 100 m s. In addition, only a sm all 
portion of the device was actually in the gas flow so that heat conduction 
could have been significant and the presence of the device in the gas s tream  
could have affected the flow itse lf . On the o ther hand, p ressu re  m easurem ent 
w as sim ple, the transducer being a t the edge of the flow s tream  and norm al 
to i t .  Both tem perature and p ressu re  data w ere affected by noise fo r reasons 
described  in Section 4 .3 .
The p ressu re  decay curves fo r points upstream  of the regu lators 
a re  nearly  isentropic in shape, verifying Blanchard’s findings that the 
s to rag e  vesse l has a large therm al response . F u rtherm ore , com paring 
actual resu lts  with predictions obtained using Blanchard’s model, the 
co rre la tion  is b e tte r  than 90% - Figure 65. The b e tte r corre la tion  between 
predictions and the resu lts  from  the p roprie tary  regulator possibly being 
due to lower leakage levels and therefore m ore nearly  the predicted m ass 
flow . However, tem perature correlation  is reasonable fo r approxim ately 
one th ird  of the te st duration a f te r  which heat input effects overwhelm 
the isentropic shape of the curves, m ore than predicted -  F igure 66. This 
la tte r  point is evidence fo r a substantial heat tra n s fe r  from  the surrounding 
a i r  and the experim ental appara tu s. F u rth er evidence fo r this is the even 
w orse correlation  using gas tem peratures downstream  of the solenoid valve 
only a few centim etres from  the f ir s t  monitoring point.
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The sim ulation studies of Chapter 3 assum ed that the stagnation 
tem peratu re  upstream  of the load nozzle equalled that upstream  of the 
reg u la to r. Examination of the resu lts  (T2 and T4 monitoring points) 
showed that w hilst this assum ption was c learly  not true of the p roprie tary  
regu lator, the low m ass of the m iniature regulator could justify the 
assum ption, the tem peratures being within 10% of each o ther.
C orrelation between the transien t tests  and the sim ulation showed 
significant discrepancies in regulated p ressu re  r is e .  The examples 
p resented  in F igures 67, 68 use the m easured supply p re ssu re , PI as 
an input to the model and predict the regulated p ressu re  varia tions. As 
can  be seen, the resu ltan t r ise  tim e of 8 ms is about four tim es that found 
experim entally . Thus , in p ractice , the regulator pintle is rem aining 
fully extended until the downstream  p ressu re  is close to the se t regulated 
p re ssu re  which highlights the inaccuracy of the dynamic m odel. The reason 
fo r  this is believed to be the significant gas velocity upstream  of the regu la to r 
choke caused by the narrow  gas passages and possibly the leakage into 
the spring housing. The effect is to reduce the p ressu re  force on the 
balancing piston and although the dynamic model could be modified to 
take this into account, the complex flow patterns in this a rea  make gas 
velocity difficult to p red ic t. F urtherm ore , the effect is undesirable 
since fo r a constant m ass flow, gas velocity w ill increase with decreasing  
supply p ressu re  causing the poppet to open fu rth e r thereby increasing 
the regulated p re s s u re . This is quite evident in the examples of the te s t 
runs presented in F igures 51, 52 and as expected, the theoretical p ressu re  
h is to rie s , which predict alm ost perfect regulation, do not match the p rac tica l 
resu lts  -  F igures 69, 70.
As an indication of the above mentioned, the dynamic model was
modified by assum ing that the gas velocity a t the balance piston was a 
fraction of that at the entrance to the regu lator choke so that modifying 
the f ir s t  te rm  of equation 3 .19 , the closing force is now given by:
 (4.4)
w here V =Jb~ V , b < l .  r  y o
Figures 71, 72 present the theoretical response to a 25 MPa step  
input fo r various values of b . By using a value of 0 .75, much b e tte r 
agreem ent of the predicted and te st resu lts  can be obtained - F igures 73, 74.
33
Obviously, the p roprie tary  regu lator, having a much la rg e r  settling 
volume, gave be tte r regulation a t the expense of r ise  tim e. No attem pt 
w as made to model this regulator since it was used only fo r com parison 
purposes and detailed analysis had been perform ed on the transien t 
aspects by Tatnall and Redpath (11) and on the steady state  by Parker 
and White (20).
Both regulators exhibited no signs of p ressu re  variation with 
m ass flow variation but the num ber of cases was inadequate to draw 
significant conclusions.
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CHAPTER 5 -  CONCLUSIONS AND RECOMMENDATIONS
The basic aim  of this study has been to produce a cheap, re liab le  and 
predictable design fo r a m iniature stored gas regu la to r suitable fo r sm all 
a irborne servo  applications.
Based on previous work, an experim ental facility was devised to 
reproduce a typical gas source and load conditions for the regu lator. The 
necessity  fo r a degree of experim entation resulted in some components being 
atypical and even detrim ental to the system  (e.g . solenoid stop valve and 
monitoring points). A com puterised and completely automatic data 
acquisition system  perm itted the recording of eight channels of p re ssu re  and 
tem perature data with adequate resolution during the com paratively short 
duration of the te s ts . The com puter controlled the s ta r t  and end of each te st 
and the subsequent manipulation of the data into graphical form . Two te s t 
runs employing seals  gave unsatisfactory  resu lts  which could not be used in  
the analysis. Satisfactory operation was achieved fo r 32 tests over a range 
of gas storage p ressu res  from  15 MPa to 25 MPa, regulated p re ssu re s  from  
2 MPa to 7 MPa and m ass flow ra tes  from  5 g /s  to 20 g / s . However, the lack 
of a good 'O ’ seal in  these tests  did lim it the extent to which the perform ance 
of the regulator could rea listica lly  be a ssessed .
A reasoned approach to the selection of a  regu lator design has been 
made and ideal gas relationships used to develop a theoretical model. This 
model has proved adequate in predicting the operation and lim itations of the 
m iniature regu la to r design over the range of conditions outlined above.
It has also  been shown that calculation of the flow forces enables 
the selection of an optimum spring  ra te  fo r a p a rticu la r design case. Thus, 
it perm its the use of a sim ple cheap regu lator design of the type discussed 
in the thesis for a re s tr ic te d  range of flows.
A m iniature regulator based on the theoretical study has been 
manufactured and has been shown to m eet the design aim s although te s ts  have 
shown that some design improvements could be m ade. T herefore, som e 
recommendations have been m ade:-
(a) adequate volume should be provided upstream  of the regu lator choke 
in o rd er to reduce gas velocity and perm it satisfacto ry  operation of the 
balanced valve arrangem ent.
(b) a narrow  gas passage just downstream  of the regu lator choke would 
give high velocity and low p re ssu re  thereby maintaining the choked flow for 
lower supply p ressu res  and so increasing  the amount of useful gas in the 
storage vessel.
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(c) although close to lerances perm it adequate regulator operation without 
a seal, wastage of gas and reduction of leakage flow (which could affect 
regulation) together with the p ractica lities of m ass production would make 
sealing a ttrac tiv e . Difficulties encountered with the tiny ’O’ ring on the piston 
suggest investigation into a sta tionary  sea l mounted in  the regulator housing 
should be a topic fo r fu rth er work.
As mentioned previously, this thesis was intended to form  the second 
p art of a  study into a  complete servo  m echanism . C learly, some work rem ains 
to refine the regu lator design and prove the system  over a w ider range of 
operating conditions. However, the next p art of the study was expected to be 
the investigation of a servo  actuator design and the effect of its  variab le load 
upon the system s studied to date. Some in itia l thoughts have been aired  
herein  with regard to the type of gas used, its  advantages and the method of 
actuator control. T herefore , the scope fo r future studies is quite large .
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100 PPI USI "P,9T.54A":"PRESSURE FORCE AS A FUNCTION OF SUPPLY PRESSURE" 
110 PRINT
120 PPI "INPUT IN IT IAL SUPPLY PRESSURE,PRESSURE DECREMENT,NO OF DECR.S" 
130 INPUT PO.S.Sl
140 PRINT "INPUT REGULATED PRESSURE"
150 INPUT PI
160 READ A 0.A 1 .A2«A3.G.T
170 DATA 2 .3 5 6 2 ,O.8371. S . 0 4 2 5 ,3 .1 4 1 5 9 ,1 .4 ,0 .7 8 5 4  
ISO G1=SQR<<G -1 > / (G+1>> .
190 G2=1'CG-T>
2O0 G=SQR< (2 XG+1 '* >K<G+1 >TG2>>
210 C = 1 < 1 ~G1 tG 1 > t G2/G1 
220 R=SQR<A3/3.14159>
230 K=0*A1 - A2tSQR ( <G -1 > ''2>
248 U =0 .1
258 F“ KT<1-U4U>f-G2-U
268 F l= K *G 2 *a -V .*U > T < -G 2 -m 2 *U - i
279 U l= u -F /F l
280 IF ABS( U-U1><1.9E-3 THEN 310 2A0 u=ui
300 GO TO 250
310 P2= < 1 -U 1 *01 > t <-GtG2 >-t.< 2 * (2 /< G+1 > ) TG2-0*G*S0R< 2*G2 > V) 1 >t-A 1 'A2 
320 P2=Pl t a - P 2 >
330 PRI USI "P,9T,54A":"PRESSURE FORCE AS h FUNCTION OF SUPPLY PRESSURE" 
340 PRINT
350 PRINT "UNITS: PRESSURE IN MPA.FORCE IN N,AREA IN MMT2,LENGTH IN MM" 
360 PRINT 
370 REM
380 PRINT USING " 15T,13A.-2 D .4D .4A": "POPPET ANGLE", T,"RADS"
390 PPI USI " 19A.~2D.4D« ? A . - ID .4 D " : "REGULATED PRESSURE=". P i , "  GAMMA=",G 
400 PRINT USING " 10A, -2D. 4D, 4h , -2D. 4D" : " AREAS*. A 0= " ,A 0 ,"  AN=",A1 
410 PRINT USING " 10A,-2 D .4D .4A ,-2 D .4D": "  A 2= " ,A 2 ,"  A 3 = " ,h3
420 PRINT USING "4 A ,-2 D .4D ,7A ,-2 D .4D"I"UE= " ,U 1 , "  PJQ= H,P2 
430 PRINT
440 PRINT " P0 .X AI PJ U0 F/P8A0"!
450 PRINT " F"
460 A=A1t P 1t (1 -U 1TU1>t  <-GTG2 >^P0 
470 P3=P2-'a-A/A2>
4S0 X -< R-SQRy R$R-A-tCOS<T>/ 3 . 14159> > -'SINi T) /COS^T'*
490 U=0. 1
5O0 W=UTCt < 1 -•UTU> t G2- h /A0
510 Wl = <:a-U*U> rG2-2*UtU4G2T(l~OT.U',t<'G2-l>>tC 
520 U0=U-W.'N 1
530 IF ABSCU-U0X1.OE-3 THEN 560540 ij=U0
550 GO TO 5O0_
560 F=( l -U 0 tU 0 > fG 2 t(  1+U0TU0^G1 ''Gl > -  A /hOTCOS <T > 4 (24 < 2 /  <G+1 > M G2-P3/P0)
570 F = l-F
580 F=F+P34A3/P0.''A0 
590 F2=F4PO4A0 
600 REM
610 PRINT USING "?< -3 D .4D»1X>" : PO,X.A,P3,UQ,F.F2
620 P0=PO-S
638 IF POvP1 THEN 660
648 S1=S1-1
650 IF S1>0 THEN 460
660 PRINT " REGULATED PRESSURE EQUALS SUPPLY PRESSURE"
670 PRINT " RUN TERMINATED"
680 END
FIGURE 16 BASIC PROGRAM FOR STEADY STATE ANALYSIS
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FIGURE 20 SETTLING VOLUME WITH POPPET VALVE
10 *
20 ^DYNAMICS OF A MINIATURE: BALANCED POPPET GAS REGULATOR 
30 *
40 MEMORY PROP, PROX 
50 *
60 DEVALUATION OF TIME INDEPENDANT VARIABLES 
70 *
80 I N I T I A L
90 *  GAS DATA AND FUND * CONST.
100 PAR AM GAMM--1 . 4 , R G - 2 8 6 . , P I  “ 3 *141 59 
1 1 0 *  REGULATOR DATA
1 20 PAR AM R~1 E ~ 3 , RS= 5E--3 , RF=1 ... 6 E - 3 , M™... 5 3 E - 3 , THETD=45..
130 PARAM !<” 9 . 9 8 E 3 ,  S™1 . 9 5 E - 3  j V=:5 * 4 5 E ~ 6  
140 PARAM K V = - 2 4 E - 6 , K C G = 0 . , K C = 0 -  
150 PARAM L I M X = * 7 E - 3 , R N = - 7 3 0 E - 3
1 60 INCON 8 0 0 * 2 5 -  E6 , PE G * . 1 E6,  P E * - 1 E6 , P E D T * 0 . , T 0 = 3 0 0 ..
170 INCON Y = - 3 5 E - 3 , X 1 D O T = O - , X 2 D Q T = 0 . , V 1 = . i
180 D E G R A D P I / 1 8 0
190 THETR*THETD*DEGRAD
200 Y O = L IM X /2 -
21 0 AO*'PI*<R*R--RS*RS->
220 AE = PI*RP*.RP 
230 AN” PI *R N*R N 
240 A J = P I * R * R  
250  G1-  I /( 'GAMM-1 )
260 G2” 2 /  CGAMM-M )
270 V I * S Q R T ( 1 / ( ( G A M M + i ) * G 1 ) )
280 G 3 = 1 / < 1 - V I * V I ) * * G 1 / V I  
290 B1 = 2 *  P I  *  R *  S IN ( T H E T R )
300 P H I = S Q R T ( G 2 * * ’( (GAMM+1 )*G1 ) )
310 CS*SQRT( GAMM*RG*?0)
320 PROCED K1 , E , F , F i , VE-PROVE<P H I , AN, AE , GAMM, G1, V i )
330 100 K1 "P H I *A N /A E *S G R T  C( GAMM--1 ) / 2 )
340  F * K 1 * < 1 - V 1 * V1 ) * * < - G 1 ) - V1
350 F 1 =l< 1 *G 1 *  (1 - V1 * V1 ) * *  ( ~G 1 -• 1 ) * 2 * V1 -1
360 V E =V1-F /F1
370 I F ( ABS( VE™V1) .. LT . 1 . E- -3) GOTO 200
380  V1 ::::VE'
390 GOTO 100
400 200 CONTINUE
410 ENDPRO
420 B (1 -  V E *  V E ) *  *  < -  G1 )
430 *  '
440 *  UPDATE OF TIME VARYING FUNCTIONS 
450 *
460 DYNAMIC
470 *  STEP PRESSURE INPUT 
480 P-STEP < DELT)
490 PQ=POO*P 
500  * '
510 PROCED F 2 , F 3 , VO"PROVO( A I , AO, G i , G 3 )
520  I F ( A I . GT- 0 - ) GOTO 350
530  / VQ=0*
540 GOTO 400
550 350 V2=-1
560  300 F 2 ~ V 2 *  G 3 *  < 1 -  V 2 *  V 2 )  *  *  G1 A I  /  A 0
570  F3~ ( (1 •-V 2 * V 2 ) * * G  1 - 2 * V2 *V 2*G  1 *  (1 - V 2 * V 2 ) * *  < G1 -1 ) ) *G3
5 8 0  V0” V2” F 2 / F 3
590  I F ( ABS< V0- -V2) . L T * 1 - E ~ 3 ) GOTO 400
600 ‘ ; V2*V 0
FIGURE 21 DYNAMIC ANALYSIS PROGRAM LISTING
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610 GOTO 300  1
620 400 CONTINUED /
630 ENDPRO '
640 J - Pi-l I « GAMM/ V* CS
6 SO A1=B1*X
660 A I! ™LIMIT ( 0 ,  A0.. A1 )
670 p i  = (PE*B2- -2*G 2**G1 * A I * P Q / A E ) / <  1 - B 3 )
680 P J ” L I M I T  (0  * .. PE, P 1 )
690 B2 = 1 +PHI*GAMM*SQRT(2*G1 ) *VE*B* *GAM M*AN/AE 
700 B 3 = A I / A E
710 B 4 -  A I  *  C 0 .S' ( T H E T R )
720 B 5 "2 * B 4 * G 2 * * G 1  
730 GC=PO*KC+KCO■
740 GCT-FCNSW(XI DOT, ~GC, 0 ,  GC)
750 X2DT=P0*AQ-  ( PQ*AO* < 1 -  VO*VO ) * *G1 *  (1 + V O * V O / V I / V I ) + P J *  ( B4--A-.J) ~ B 5 * P 0 ) 
760 ACCN"“ •••• ( X2DT+KV*X1 DOT*PO+GCT-K* <S-~X > ) /M (
770 X i=Y+YO
780 X - L  I  ii I T  C 0 * , L I M X , X1 )
790 *REGUL_ATED PRESSURE
800 PROCED RE, PEDT-PROP( J , V E , P E G P O , A I , B , AN)
810 P E D T -  J *  ( (1 -• V E *  V E ) *  P 0 *  A I  -  B *  P E *  A N )
820 PE-  INTGR!... < PE0 , PEI)T ) * •
830 I F  (PE .GT .PEG, AND .PE J...T J ::'0 )G0T0  500
840 I F ( PE * GE* PO) GOTO 450
850 PE"PEG
86 0 I F ( PED T . L T , 0 , ) PED T«■0.
870 GOTO 500
880 450 PE-PO
8 9 0 I! F ( P E D T , .G ' ! \ 0 ,  ) P E I) T == 0 .
900 500 CONTINUE
910 ENDPRO
920 *  MECHANICAL STOP AND STICTION 
-  930 PROCED Y , XI DOT, X2DGT-PR0X< ACCN, YO, M, KCO)
940 X2D0T-ACCN
950 X I D 0 T " I N T G R L ( 0 , X 2 D 0 T )
960 Y- INTGRL C YO, XI DOT)
, 9 7 0  I F ( ABS( Y ) , L T „ YO) GOTO 600
980 IF<Y.GT»YO>Y=YO
990 I F ( Y * L T * ~ Y O ) Y " " Y O
1000 I F  < SIGN <1 * , X1DOT) „ EG * S I G N (1 , /Y > } X I D Q T = 0 *
1010 I F ( S IG N <1 ,. , X 2 D 0 T > ,.EG * S I G N (1 * , Y ) ) X 2 D 0 T - 0 *
1020 600 FV"M*X2D0T
1030 ' FVA==ABS(FV)
1040 : I F  < X1 DOTEG * 0 ,  AND, ( FVA-KCO) * L E 0 * > X2D0T ==0 *
1050 ENDPRO 
1060 *
1070 TERMINAL
1080 METHOD RKSFX .
1 090 TIMER DELT-  .. 00.0050,  F I N T I M - ... 0 0 3 5 0 ,  PR DEL - . 0 0 0 0 5 ,  0UTDEL=0 * 0 0 0 0 5  
1 1 00 PR I  NT PE , P E D T X 1 DOT, X
1110 T IT L E  REGULATOR RESPONSE TO A 25MPA STEP INPUT 
1120 *PAGE' XYPLQT, H E IG HT -2 0 . , WID TH-15*
1130 -K-OUTPUT T I  ME ( 0 ,  * 003 5  > , PO ( 0 , 25*  E 6 ) PE < 0 , 2 5 .  E 6 )
1140 LABEL REGULATOR RESPONSE TO A 25MPA STEP INPUT 
1150 END 
1160 STOP 
i 170 / *
1180 / /
FIGURE 21 (Continued)
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L I  S
-1
O
£££ CONTINUOUS SYSTEM MODELING PROGRAM I I I  V1M3 EXECUTION OUTPUT
ju.
3 PARAM GAMM-1*1\ , R G - 2 8 6 . , P I ­ 3 . 1 4 1 5 9
4 PARAM R-1 . E - 3 , E'S" . 5 E - 3 , RP~ 1 . 6 E - 3 , M~. 5 3 E - 3 , T H E T D "4 5 .
5 PARAM K = 9 . 9 8 E 3 , S = 1 . 9 5 E - 3 , V nn5 . 4 5 E - 6  .
6 PARAM K V = .2 4 E - •6, KCO- 0 . , KC- 0 *
7 PARAM L I  MX- * 7 E - 3 , RN=. 7 3 0 E - 3
8 INCON POO"25... E6 , P E 0 = . 1 E6 , PE = . 1 E 6 , P E O T -0 . , TO" 3 0 0 .
9 INCON Y = . 3 5 E - 2 5.. X 1 D O T -0 . , X2 D O T - O . , V1 = .1
10 METHOD RKSFX
i 1 TIMER O E L T = . 0 0 0 0 5 O , F I N T I M = 0 O 3 5 0 , PR D E L - . 0 0 0 0 5 , OUTOEL = 0 . 0 0 0 0 5
12 PRINT PE,PEDT, X1DOT,X
13 T I T L E  REGULATOR RESPONSE TO A 2 5 MPA STEP INPUT
i 4 LABEL REGULATOR RESPONSE TO A 25MPA STEP INPUT
15 END
1 6 'TIMER VARIABLES RKSFX INTEGRATION START TIME .0
1 7 DELT 0 ELMIN F IN T IM  PROEL OUTDEL DELMAX
18 5 .  00 0 0 1)- 0 5  25 . 5 0 0 0 0 - 1 0  3 5 0 0 0 0 - 0 3  5 . 0 0 0 0 0 - 0 5  5 . 0 0 0 0 0 - 0 5  5 . 0 0 0 0 0
1 9 REGULATOR RESPONSE TO A 25MPA STEP INPUT
20 TIME PE PEDT XI DOT X
21 .0 ., 0 .0 .0 i ' , ' ) " ! 1')! 04
2 2 5.000O0D- 'O5 1 .0O 00 E+ 0 5 3 * 0 2 6 0 + 0 9 .0 7 > ' ' ' 'O',! - n 4
23 1 .. O 0 0 0 0 D — 0 4 2 . 5 0 6 1 E + 0 5 3 . 0O42E+09 - 1 . 7 5 4 1 t vL  -,'4
24 1 „ 5 0 0 0 0 D - 0 4 4 . 0 0 4 9 E + 0 5 2 . 9 9 1 2 E + 0 9 - 2 . 6 8 7 5 i: , /  ! v 4
25 2 . 0 0 0 0 O D - 0 4 5 . 3 1 3 8 E + 0 5 2 . 2 0 2 4 E + 0 9 - 2 . 9 2 9 2 3 . V408l::.™04
26 2 . 5 0 0 0 0 0 - 0 4 6 . 2 1 3 5 E + 0 5 1 .4 1 9 8 E + 0 9 - 2 . 3 9 4 0 2 . 5 8 2 9 E - 0 4
27 3 . 0O000D -04 6 . 7 7 4 2 E + 0 5 8 . 6 7 5 9 E + 0 8 -1 . 4 0 2 3 1 . 6 2 3 7 E - 0 4
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58.. 1 . 8 5 0 0 0 0 - 0 3 2 . 1 5 4 5 E + 0 6 9 . 2 4 5 8 E + 0 8 - 2 . 8 7 7 8 E - 0 4 1 . 9 4 8 5 E - 0 4
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FIGURE 22 SIMULATED RESPONSE TO A 25 MPa STEP INPUT
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65 2 . 20 O 0 O D -0 3 2 . 4 7 3 2 E + 0 6 8 . 9 6 8 5 E+08 2 . 2 4 3 4 E - 0 5 1 . 9 4 8 5 E - 0 4
66 2 , 2 5 0 0 O D - 0 3 2 * 5 1 79E+06 8 . 929 7E+08 3 . 6 1 4 6 E - 0 7 1 . 9485E--04
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FIGURE 22 (Continued)
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Simulation of Run TR7
250
225
Legend
Test Run No. Refers To Figure 50
----------- Supply Pressure
 ---------- Regulated Pressure
X x Test Data
KCO, KC =* 0.0
KV
200
175
0.24 Ns/m MPa
150
125.
100
50
0.160.06 0.08 0.10 0.140.120.040.02
*Time
FIGURE 67 COMPARISON OF SIMULATION WITH TEST RUN TR7
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Simulation of Run TR8
250
225
Legend
Test Run No. Refers To Figure 50
--------- Supply Pressure
--------  Regulated Pressure
x * Test Data 
KCO, KC * 0.0.
KV
200
175 * 0.24 Ns/m MPa
150
125
‘ 100
50
0.06 
Time (s * 10 1)
0.08 0.10 0.140.02 0.04 0.12 0 . 16
FIGURE 68 COMPARISON OF SIMULATION WITH TEST RUN TR8
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Regulator Response to a 25 MPa Step Input.
1 0 0 0
900
800
Legend
700 Curve
0.5
0,75
600
KV = 0.24 Ns/m MPa
500
400
300
200
100
0.06 0.100.08 0.12 0.14 0.160.02 0.040
Time (s * lo "1)
FIGURE 71 MODIFIED SIMULATION OF REGULATED 
PRESSURE FOR STEP INPUT
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Regulator Response To A 25 MPa Step Input.
Legend
0.9 Curve
0.5
0.75
KV * 0.24 Ns/m MPa. 
V ■ 5.45 x 10-6 m3.
0.6CO
0.5
0.4 —
0.3
0.2
0.1
0.1 0.50.40.2 0.60.3
Time (s * 10“2)
0.7
FIGURE 72 MODIFIED SIMULATION OF REGULATOR RESPONSE TO A STEP
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Simulation of Run TR7
250
225
200
175
150
125
100
75
50
•
------X
Legen
Test Run No. Rei 
Supp
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ers To Figure 50. 
Ly Pressure, 
lated Pressure. 
Data.
Ns/m/MPa.
--------  Regu
x * Test 
KCO, KC * 0.0. 
KV »0.24
b * 0 .7 5 .
1 x I 4I / I /I /1 /# f/t
/
25
0.02 0.04 0.06 0.08 0.10
-1.
0 . 12- 0.14 0.16
Time (s * 10 ~)
FIGURE 73 MODIFIED SIMULATION COMPARED WITH TEST RUN TR7
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Simulation of Run TR8.
250
225
200
175
150
Legend 
Test Run No. Refe;rs To Figure 50. 
Pressure, 
ited Pressure. 
)ata.
oupply
-----------  Reguls
X X TestE 
KCO, KC ■ 0.0.
xr\7 — n oa “\IX V  r ino/ xxx xvxx cx •
b = 0.75.
1 9 1 »1 i 1 /
* i
1 9 
*1 $I ///9/
y
125
100
75
50
25
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Time (s * IO-1)
FIGURE 74 MODIFIED SIMULATION COMPARED WITH TEST RUN TR8
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APPENDIX A
APPENDIX A
Al. GAS SUPPLY REQUIREMENT
"''"''■■------^Requirement
Parameter
Minimum Typical Maximum
Working fluid 
Initial supply pressure - MPa 15
Nitrogen
25 40
Working pressure - MPa 2 5 7
Working pressure tolerance - % +20 +10 + 5
Mass flow - kg/s 5 x 10"3 10x 10’3 20x 10"3
Ambient temperature - K 243 293 333
Time to achieve full 
working pressure - s 0.1 0.5 i.O
Duration of operation - s 10 30 120
Natural frequency - Hz 60 100 200
A2. TYPICAL ACTUATOR REQUIREMENT
Parameter Requirement
Stall torque - Nm 25
Free velocity - rad/s 10
Specific Volume - m^/rad 5 x 10 ^
Angular deflection - deg +20
Natural frequency - Hz 100
Duration of Operation - s 30
Duty cycle - % 100
2 -3Load inertia - kgm 0.05 x 10
113
APPENDIX B
APPENDIX B
EQUIPMENT LISTING AND SPECIFICATION
(I) Gas Supply System 
GAS SOURCE:
Type : Standard laboratory cylinder filled with approximately
-3 333.4 x 10 m of Oxygen-free Nitrogen gas to a 
pressure of 17.0 MPa at 20°C.
Supplier : BOC Ltd.
GAS SOURCE REGULATOR:
Type : Gemini 1500 regulator (inlet gauge 0-4000 psi,
outlet gauge 0-1500 psi).
Supplier : British Industrial Gases Ltd.
PRESSURE INTENSIFIER:
Type : Single stage reciprocating unit with 85. 5 : 1
compression ratio. Maximum output pressure of
59.0 MPa with maximum driving a ir  pressure of 
0. 7 MPa.
Supplier : C.S. Maden and Co. Ltd.
RELIEF VALVE:
Type : RV 14 designation spring loaded valve with relief
setting variable between 27.0 - 38.0 MPa.
Supplier : Hale Hamilton.
(II) Experimental System 
STORAGE VESSEL:
Type : designation BAJ N-Bat 128-001
charging pressure : 31.0 MPa @ 20°C
limit pressure : 41.4 MPa @ 70°C
115
proof test pressure 
design ultimate pressure 
mass (nominal) 
working temperature range 
maximum number of inflations
dimensions
62.1 MPa 
82. 8 MPa 
3. 3 kg
-40°C to -70°C 
2500 to a pressure 
equal or greater than 
24.8 MPa. 
see Figure Bl.
Supplier : Hymatic
AUTOMATIC STOP VALVE:
Type Pilot operated, 2 port DC solenoid valve
1.38 - 27.6 MPaworking pressure 
response time (gases) 
working temperature range 
weight 
electrical
Supplier : IV Pressure Controllers Ltd.
PROPRIETARY PRESSURE REGULATOR:
150 ms
-10°C to =60°C 
1.6kg
see Figure B2
Type designation G20. Manually operated spring loaded 
balanced piston valve incorporating a relief valve.
maximum inlet pressure 
outlet pressure range 
maximum flow (approx.) 
mass
other details 
Supplier : Hale Hamilton (Valves) Ltd.
EXPERIMENTAL REGULATOR:
31.0 MPa
2.0 - 5.2 MPa 
0.6 m /s
4.4 kg
See Figure B3
See Chapter 4.
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16 mm
1 ^ 1  
BSP
86 mm
6.7 mm 0 x 41 mm.
h in BSP
Materials
Body
Solenoid Housing 
Trim
Valve Seat 
Seals
Aluminium Alloy 
Mild Steel 
Stainless Steel 
Nylon
Nitrile Rubber
FIGURE B2 STOP VALVE
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Materials
Body and Spring
Housing
Valve
Valve Seat
Diaphragm
Piston
*0* Ring
Brass
Stainless Steel 
Nylon
Synthetic Rubber 
Brass
Synthetic Rubber
FIGURE B3 PROPRIETARY REGULATOR
APPENDIX C
APPENDIX C
INSTRUMENTATION LISTING AND SPECIFICATIONS 
PRESSURE GAUGES:
Type : Designated MIX-150/A Bourdon gauges constructed fully in
stainless steel with safety blow out discs. Accuracy + 1%.
(a) 1 off with range 0-3000 psi.
(b) 1 off with range 0-1000 psi.
Supplier : Gauges Bourdon Ltd.
PRESSURE TRANSDUCERS
(I) Type : SE 180 quasi solid state variable reluctance transducer
temperature compensated from -45 C to +150 C and 
capable of withstanding pressure up to 83 MPa.
(a) 2 off with maximum calibrated range up to 10. 3 MPa
(1500 psi).
(b) 1 off with maximum calibrated range up to 34.5 MPa
(5000 psi).
Supplier: SE Laboratories (eng) Ltd.
(II) Type: SE 1165 sim ilar to above.
1 off with maximum calibrated range upto 40 MPa (6000 psi). 
TEMPERATURE SENSORS:
Type : ref TCA/10/10/2 probe type TI mineral insulated "Thermocoax"
thermocouple probe, having a Chromel/Alumel junction in a 
stainless steel sheath. Insulation is highly compacted magnesium 
oxide powder.
Probe length 0.5 m
Probe diameter 1.0 mm
Supplier: Pye Ether Ltd.
1 2 1
THERMOCOUPLE AMPLIFIERS
Type
Supplier :
ref FE 251 GA general purpose sideband differential dc p re ­
amplifier
input impedance 2M £2
drift < 5  iiV/C
noise 10p.Vpk-pk
CMR >  100 dB
bandwidth dc to 20 kHz + 8V output and + 8V
output shift. Protected input and output,
Fylde Electronic Laboratories Ltd.
1 2 2
APPENDIX D
APPENDIX D
DATA HANDLING AND REDUCTION 
Hardware
(I) Interdata 7/16, 16 - bit minicomputer with 64 kB RAM.
(II) Micro-Consultants analogue data input interface comprising a clock
module, eight channel 8 bit analogue/digital converter input unit and an 
electronic multiplexing unit with a maximum operating frequency of 10 kHz.
(III) 2. 5 MB disc unit.
(IV) VDU control console.
(V) Analogue X-Y plotter with two 10-bit digital/analogue inputs.
(VI) Line printer, tape reader/punch, magnetic tape cassette recorder/ 
reader.
A block diagram of the basic Interdata system is shown in Figure D1 
and the overall facility illustrated in Figure D2.
Software
The basic disc operating system (DOS) supplied by Interdata was 
supplemented by a resident support program (RSP) developed by E .L . Moore 
(ref. RSP Manual-Dept, of Mech. Eng. University of S urrey .) at the University 
of Surrey. The commands used to run the experiment and reduce the data 
were written using the RSP structure and are outlined below:
RUN RSP accesses RSP
X clears the RSP workspace
F @ PI, 600 creates a file in RAM, named PI, of
sufficient size to accommodate 600 
data values (4 files were created for 
pressure and 4 for thermocouple data)
F @ XA, 6 creates a RAM file, XA, for 6 data
values to be used to plot the time axis 
scale of graphs
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F @ YP, 6 as above but for the pressure axis 
scale of graphs
F @ YT, 9 ' sim ilarly for temperature axis scale
of graphs
F@ SF, 22
C @ MIO, P I , . .  P4,T1, ..600,100 
'PROGRAM IN STANDBY’
C @ FLIN, SF, 11,3
creates RAM file, SF, to contain 11 
floating point numbers used as data 
scaling factors
loads data acquisition program, MIO. 
The computer replies by displaying: -
On depression of the Carriage Return 
Key, the solenoid valve is energised and 
data from the input channels are 
sampled in the order specified. 600 
readings are taken from each channel 
and the multiplexing rate is such that 
each channel is sampled every 100 ms. 
When the 600 points have been logged 
in each file, the solenoid valve is 
switched off.
loads program FLIN which enables 
floating point data to be input to file 
SF from the input device 3
0 floating point data input to file SF
-16. 849 representing the scaling factors to
0 convert the voltage values to pressure
values.
0 e .g . P (kPa) = N x (-16. 849)
q where N is the integer no. representing
q amplifier voltages.
0
0
0
C @ NSIM, PI, PI, SF, 600 loads and runs program NSIM which
scales the data in file PI according to 
new PI = aQ + a 1 PI + a2P l2 + . . .  . a ^ P l 10
where the an's are taken from file SF.
The above two commands are repeated 
for the other data channels P2.. .P4 and 
T 1 ...T 4 .
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C @ MADD,Tl,Tl, 1900,600
I XA, 3
100
200
300
400
500
600
I YP, 3
5000
10000
15000
20000
25000
30000
R 600, 1, 30000,0
IP
P
AX 0 ,0 ,1,0,XA,YP
P
VA PI
loads and runs MADD which adds the 
ambient temperature (x 100) of 19 C to 
each data point in T l . This is repeated , 
for T 3 .. .  T4.
input integer data to file, XA, from 
the input device 3
integer data input to file XA which will 
be used to produce scaling marks for 
every 10s onX,Y plotter.
input integer data to file YP from the 
input device 3
integer data input to file YP which will 
be used to produce ordinate scaling 
marks for every 5 MPa on the X, Y 
plotter
defines the X and Y axis ranges for plot 
scaling xmax,xmin, ymax, ymin.
’freezes’ the scaling imposed by the R 
command
pause to allow operator to adjust paper 
etc. on X, Y plotter
produces plot axes and scale markings 
(defined by files XA, YP) on X, Y 
plotter with axes intercept at (1, 0)
pause
produces a continuous plot of the data 
in file PI scaled in accordance with the 
R command. These last two commands 
are  repeated for P2-P4
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ZP removes scaling protection
I YT, 3 input integer data to file YT from input
device 3
-6000 integer data input to file YT which will
-5000 be used to produce ordinate scaling
-4000 marks for every 10°C on the X, Y
-4000 plotter
-2000
-1000
1000
2000
3000
R 600, 1, 3000, - 6000 defines x and y ranges for plot scaling
IP 'freezes 'the  scaling imposed by the
R command
AX 0, 0 ,1 ,0,XA, YT produces plot axes and scale markings ,
(defined by the files XA, YT) on XY 
plotter with axes intercept at (1,0)
P pause
VA T l produces a continuous plot of the data
infileT3 scaled in accordance with 
the R command.
SM 0 switches control from device 3 to device
0 (VDU)
END
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MEMORY 64 KB
Address Data
Memory Protect
High Speed Memory Bus
16 Bit 
Processor Selector
Channel
Selector Bus
Discs
Multiplexer Input/Output Bus
Magnetic
Tape Cassette
Tele-
Type
Line Printer Digital
Multiplexer
Control
Panel
Paper Tape 
Reader/PunchVDU
FIGURE D1 INTERDATA COMPUTER SYSTEM BLOCK DIAGRAM
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APPENDIX E
INSTRUMENTATION CALIBRATION AND DATA REDUCTION
The relationship between the numerical values obtained from the 
computer and the pressures and temperatures measured by the transducers 
depends upon several factors
(a) the transducer characteristics determined by calibration
(b) the signal amplification applied prior to transmission to the computer
(c) the scaling factor applied by the computer.
This last factor was the result of a maximum allowable input to the 
computer of 10V dc which was stored in the data register as the integer 
number 2047. Consequently, for maximum sensitivity the maximum expected 
values of pressure and temperature should correspond to 10V.
Pressure Measurement
Pressure transducer calibration was carried out using a conventional 
'dead-weight’ tester with maximum amplifier outputs at pressures of 
approximately 34.5 MPa for the transducers upstream of the regulator and 
8.6 MPa for those downstream. A first order relationship between pressure 
and voltage was obtained for each transducer. The output of the transducer 
amplifier was itself amplified (and inverted due to the nature of the buffer 
amplifier used) so that the maximum output was 10V. This output was then 
routed to the computer where it could be stored as an integer of maximum 
value 2047. Figure E l (a) shows this process diagrammatically. Hence, the 
overall transfer function is given by
2047 * A A2
where P is the pressure in kPa, N is the integer output of the computer and 
a i the overall scaling factor given in Figure E2.which lists the individual 
amplifier settings and the scale factors for the four pressure transducers.
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Temperature Measurement
The thermoelectric characteristics of the Chromel-Alumel therm o­
couples were obtained from standard tables quoted by the manufacturers. A 
least squares fit of this data was obtained for use with the computer data 
reduction programme (Appendix D). It was found that a 3rd order polynomial 
provided accuracies to within 1% over the required temperature range + 20 C 
to -80 C and was of the form
T = 25.371 V - 0.5215 V2 + 0.0704 V3
where T is the temperature of the thermocouple in °C
V is the thermoelectric emf generated at the junction.
Initial amplification of the emf by preamplifiers was followed by 
amplification (and inversion) by the buffer amplifiers to a maximum of 10V 
for an approximate change in temperature of 80 °C.
The signal was then routed to the computer as shown diagrammatically 
in Figure El(b). Thus the overall transfer function is given by
T = 25-371 (m7 • A^)-0-5212^ -  spq-) 2 +0-0704 (i§-Ap^
= 8LX N + a2 N2 + a3 N3
where T is the temperature in hundredths of a degree C,
N is the integer output of the computer 
and an the scale factors listed in Figure E2
The temperature quoted above was the difference between the 'hot' 
and reference junction of the thermocouples. Since the latter junction was 
room temperature, the true temperature was that derived above plus the 
ambient temperature value. The data reduction routines presented in 
Appendix D provided for this using the programme MADD.
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